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Abstract
Medical imaging modalities have revolutionized health-care approaches by offering a better understanding of the
human anatomy. Discovery of x-rays allowed the exploiting of the micro-scaled information of human anatomy.
Computed tomography is one of the well-known imaging modalities using x-rays to create images of medical
and non-medical objects. CT imaging has several variety of applications from medical diagnosis to industrial
non-destructive testing. In this paper, we review computed tomography imaging modality and its applications
in screening, diagnosis, and treatment and study some of the novel techniques used to reconstruct images in
theses machines.
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Introduction
Modern imaging modalities have changed humans’ lives by
offering a deeper understanding of the world around us. Dis-
covery of x-rays allowed the exploring of different materi-
als and exploiting the micro-scaled information of human
anatomy. X-rays are waves of electromagnetic energy that
behave in a similar way as other light rays, but at much shorter
wavelengths and can penetrate some thickness of objects.
X-rays are generated in different ways. The first common
process is called Bremsstrahlung approach which is an im-
portant phenomenon where x-rays are produced by slowing
down the primary beam electrons by the electric field sur-
rounding the nuclei of the atoms in the sample [12]. Another
method is called K-shell emission within which a high-energy
electron knocks an electron from an inner orbit in an atom
resulting in x-ray emission. The third method occurs in a
synchrotron process, in where a subatomic particle acceler-
ator creates high intensity x-rays that are used for nuclear
studies. The x-ray tubes are used to create the x-ray photons
from electric energy supplied by the x-ray generators [13].
An x-ray tube is a vacuum tube converting electrical input
power into the x-rays. X-ray tubes have evolved from the
experimental Crookes tubes that Ro¨ntgen implemented his
first experiments. Crookes tubes are cold cathode tubes which
means that they do not include a heated filament in them to
release electrons like the later electronic vacuum tubes. A syn-
chrotron is an extremely powerful source of x-rays producing
these rays by high energy electrons which circulate around
the synchrotron. Synchrotron x-rays can be used for several
x-ray imaging approaches, phase-contrast x-ray imaging, and
tomography [28, 27, 25]. In diagnostic range, x-rays interact
with objects via two main processes which are the funda-
mentals for image formation in a radiographic measurement
process. These processes are called the photoelectric effect
(photoelectric absorption) and Compton effect or Compton
scattering [17, 20].
In clinical environment, two-dimensional Ro¨ntgen images
as well as three-dimensional images of human anatomy ac-
quired in computed tomography (CT) scanners are obtained
by using x-rays. Several x-ray imaging modalities have been
developed based on the different attenuation of x-rays in the
structures. Different composition and density of tissues are the
causes for the variance in x-ray transmissions. For instance,
hard tissues like skeletal structures absorb x-rays more than
lowly absorbing parts, such as surrounding tissues. In this
work, we review computed tomography (CT) as one of the
well-established x-ray imaging modalities and study different
acquisition protocols and image reconstruction approaches
used to recover the images in this modality.
1. Methods
In this section, we review computed tomography imaging
modality and its applications in screening, diagnosis, and
treatment and study some of the novel techniques used to
reconstruct images in theses machines.
1.1 Computed Tomography
Computed tomography (CT) is one of the well-known imag-
ing modalities using x-rays to project images. CT imaging
has several variety of applications from medical diagnosis to
industrial non-destructive testing.
CT modality has seen different innovations in the past
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Figure 1. Simple sketch representing the cone-beam
technique.
decades which has resulted in an improved modality for di-
agnosis in clinical indications. The first successful practical
implementation of the theory was achieved in 1972 by Sir
Godfrey N. Hounsfield, who played a vital role in the develop-
ment of CT by conducting several experiments based on the
mathematical theories of Allan McLeod Cormack in 1964.
A CT scanner combines a series of two-dimensional x-ray
projections taken from different angles and uses computer
processing to create three-dimensional images, or slices, of
a medical sample like bones, blood vessels and soft tissues
inside the human body or some industrial materials. Due
to the three-dimensional nature of CT scans, this modality
provides more detailed information in comparison to a single
x-ray image acquisition. In fact, conventional CT scanners are
developed to acquire the absorption contrast projections. Due
to this reason, CT imaging is one of the mostly used modalities
for imaging of hard tissues like bones rather than softer tissues.
However, recent advances in x-ray imaging modalities such as
contrast enhanced imaging and introduction of phase and dark-
field contrast imaging methods have proved a potential for
precise measuring and visualizing of softer tissues like hepatic
tumors, brain tissue and long nodules. Owing to the recent
advancements in mechanics, electronics and computing power,
the CT scanning time has been reduced, resultant images have
a better quality and readability which helps CT scanners to be
chosen as a good non-invasive imaging technology for clinical
and non-clinical studies.
CT modality has several applications in differentiation of
soft and hard tissues in head and neck, abdomen and chest
such as liver, lung tissue, fat and bone. It is especially use-
ful in detecting for presence, size, spatial location, texture
and extent of different types of abnormalities such as lesions,
tumors and metastasis within body organs. The abdomen
contains several organs of the gastrointestinal, urinary, en-
docrine, and reproductive systems including liver, kidneys,
pancreas, spleen, GI tract, and the area around these organs.
A CT scan of the abdomen may be performed to assess the
abdominal organs for lesions, injuries, or other abnormalities
and to investigate the effects of treatments on tumors [Hsi09].
CT scans are frequently performed to evaluate the bones, and
joints for damage, lesions, fractures, or other abnormalities,
particularly when another type of examination, such as X-rays
or physical examination are not conclusive. CT images of
the head can provide detailed information about head injuries,
severe headaches, dizziness, stroke and brain tumors. These
scans are frequently performed to detection of abnormali-
ties and to help diagnosis of unexplained cough, shortness
of breath, chest pain, or fever. Lung nodules are detected
very commonly on CT scans of the chest, and the ability to
detect very small nodules improves with each new generation
of CT scanner. Industrial CT is an emerging laboratory-based
non-destructive testing technique that is used in several appli-
cations for inspecting the industrial samples, machine parts
and manufactured devices.
1.2 Low-dose Computed Tomography Imaging
Due to radiation risk of using x-rays, research has focused
on the radiation exposure distributed to patients while doing
CT imaging. Therefore, reducing the dose level or low-dose
CT has become a significant research area in medical imaging
world. Several methods have been proposed to reduce the dose
level by modifying the acquisition protocol [8] or proposing
new reconstruction and regularization techniques [19, ?].
1.3 Phase Contrast and Dark-field Imaging
Phase contrast and dark-field x-ray imaging is an emerging
modality that has the potential to improve medical imaging
applications and materials analysis. Recently, grating interfer-
ometer based approaches [6] have been proposed to extract
the scattering and refraction of x-rays by the scanned object
in order to obtain phase and dark-field contrast. Several recon-
struction and noise reduction approaches have been proposed
to improve the image quality in these methods [21, 22].
1.4 Artifacts in CT
Artifacts can seriously degrade the quality of images in com-
puted tomography scans, which could make them diagnosti-
cally unusable. To improve image quality, it is essential to
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understand why artifacts occur and how they can be corrected
or removed.
CT artifacts originate due to the range of reasons. Physics-
based artifacts occur due to the physical processes in the
acquisition process of images. Patient related artifacts are
happening due to the several factors associated with patient
movement or the presence of metal part in or on the patient
body. Scanner related artifacts result from issues in scanner
functioning parts. However, in most of the cases, careful
patient positioning and precise selection of scanner parameters
are the most vital factors to prevent CT artifacts.
1.5 Tomographic Reconstruction
Recent advances in computing hardware and subsequently
computing power, have opened additional opportunities to
improve the performance of CT imaging via more advanced
processing approaches, such as tomographic reconstruction
methods. Computed tomography can be assumed as of a
mathematical inverse problem, which recovers the attenuation
coefficients of a measured object from a set of projection
(transmission) values.
If we assume the data collection as a series of parallel rays
across a projection at angle θ , the inverse problem in CT can
be written based on the Beer-Lambert law, which describes
the absorption of x-rays as,
I = I0e−
∫
µ(x,y)ds, (1)
where µ(x,y) denotes the attenuation coefficient which is
specific to each object type and I and I0 refer to the transmitted
and incident intensities respectively.
1.5.1 Analytical Reconstruction Methods
Analytical methods are a commonly used category of image
reconstruction techniques for CT imaging modality. The most
commonly used analytical reconstruction methods on commer-
cial CT scanners are all in the form of filtered back-projection
(FBP), which uses a one-dimensional filter on the projection
data before back-projecting (two- or three-dimensional) the
data onto the image space [4, 14, 1].
Several limitations reduce the performance of analytical
reconstruction methods for practical medical and industrial
scenarios. These methods generally ignore associated noise of
measurements in the problem and tries to reduce this artifact’s
effect by post-filtering operations.
1.5.2 Iterative Reconstruction Techniques
Iterative reconstruction refers to a category of algorithms used
in CT imaging that begin with an image assumption, and
compares it to the real time measured values while making
constant adjustments until these two are in agreement‘[5, 7].
The principle of iterative image algorithms is illustrated in Fig-
ure 2 in several steps.
As shown in this figure, following a CT acquisition pro-
cess to measure projections, a first image estimation is gen-
erated. An x-ray beam is simulated via forward projection to
obtain simulated projection data, which are then compared
Figure 2. A simplified schematic for iterative reconstruction
techniques for CT modality.
with the measured projection data. In case of difference, the
first image estimation will be updated based on the features
of the underlying method [23].
Algebraic Reconstruction Technique (ART) The algebraic
reconstruction technique (ART) was the first widely used iter-
ative approach with a long history and rich literature. It was
first introduced by Kaczmarz in 1937 [9] and was indepen-
dently used by Gordon et al. [3] in image reconstruction. ART
is a reconstruction algorithm that uses a set of projections to
reconstruct the desired object.
Assuming the original linear problem AX = Y , we can
write,
N
∑
j=1
ai jx j = yi, s.t. i = 1,2, ...,M and j = 1,2, ...,N,
(2)
where ai j is the weighting parameter which denotes the in-
fluence of ith cell on the jth line integral, x j is the constant
intensity value of the jth cell, N refers to the total number of
cells, and M refers to the total number of rays [16, 15, 24].
Simultaneous Algebraic Reconstruction Technique (SART)
In 1984, the simultaneous algebraic reconstruction technique
(SART) was introduced with major changes in the standard
ART approach. SART had a major impact in CT imaging
scenarios with limited projection data. It generates a good
reconstruction in just one iteration and illustrates superior per-
formance comparing to the original ART approach [10, 18].
Maximum Likelihood Expectation Maximization (MLEM)
The methods introduced so far are assuming well-posed prob-
lem with some good measurements and none of them model
the statistical properties of the measurement process.
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Likelihood based approaches are another category of meth-
ods for photon-limited conditions that are the standard since
decades, in order to support low dose imaging [26, 11].
Penalized Likelihood (PL) Penalized likelihood (PL) esti-
mation is a way to consider the complexity of a model while
estimating parameters of different models. In general, instead
of applying a simple MLE, the log-likelihood minus a penalty
term will be maximized, which is depending on the model
and most often increasing with number of parameters [2].
2. Conclusion
In conclusion, CT imaging has come a long way in last
decades since Rontgen discovered x-rays and Hounsfield de-
signed the first clinical CT machine. Since then, several novel
x-ray and CT based imaging modalities have been proposed to
visualize more advanced details in the scanned targets. Among
them, are phase contrast and dark-field imaging techniques
that have the potential to improve medical imaging applica-
tions and materials analysis. Owing to the recent advances
in computing hardware and subsequently computing power,
improvements in the performance of CT imaging via more
advanced processing approaches, such as tomographic recon-
struction methods have been developed. Novel dose reduction
techniques have been utilized to extend the wide spread use
of CT imaging for medical scenarios. Therefore, computed
tomography imaging modality has become an important tech-
nique in screening, diagnosis, and treatment and study several
diseases and abnormalities.
Disclosure statement
The author declares there is no conflict of interest regarding
the publication of this manuscript.
References
[1] LA Feldkamp, LC Davis, and JW Kress. Practical cone-
beam algorithm. JOSA A, 1(6):612–619, 1984.
[2] Jeffrey A Fessler. Statistical image reconstruction meth-
ods for transmission tomography. Handbook of medical
imaging, 2:1–70, 2000.
[3] Richard Gordon, Robert Bender, and Gabor T Her-
man. Algebraic reconstruction techniques (art) for three-
dimensional electron microscopy and x-ray photography.
Journal of theoretical Biology, 29(3):471–481, 1970.
[4] Lucas L Geyer, U Joseph Schoepf, Felix G Meinel,
John W Nance Jr, Gorka Bastarrika, Jonathon A Leip-
sic, Narinder S Paul, Marco Rengo, Andrea Laghi, and
Carlo N De Cecco. State of the art: iterative ct recon-
struction techniques. Radiology, 276(2):339–357, 2015.
[5] Gabor T Herman. Fundamentals of computerized tomog-
raphy: image reconstruction from projections. Springer
Science & Business Media, 2009.
[6] Kazuhiko Hashimoto, Takamichi Murakami, Keizo Dono,
Masatoshi Hori, Tonsok Kim, Masayuki Kudo, Shigeru
Marubashi, Atsushi Miyamoto, Yutaka Takeda, Hiroaki
Nagano, et al. Assessment of the severity of liver disease
and fibrotic change: the usefulness of hepatic ct perfusion
imaging. Oncology reports, 16(4):677–684, 2006.
[7] Hui Hu. Multi-slice helical ct: Scan and reconstruction.
Medical physics, 26(1):5–18, 1999.
[8] Lars Husmann, Ines Valenta, Oliver Gaemperli, Olivier
Adda, Valerie Treyer, Christophe A Wyss, Patrick Veit-
Haibach, Fuminari Tatsugami, Gustav K von Schulthess,
and Philipp A Kaufmann. Feasibility of low-dose coro-
nary ct angiography: first experience with prospective
ecg-gating. European heart journal, 29(2):191–197,
2007.
[9] Stefan Kaczmarz. Angenaherte auflosung von systemen
linearer gleichungen. Bull. Int. Acad. Sci. Pologne, A,
35:355–357, 1937.
[10] Avinash C.. Kak and Malcolm Slaney. Principles of
computerized tomographic imaging. IEEE press, 1988.
[11] Kenneth Lange, Richard Carson, et al. Em reconstruction
algorithms for emission and transmission tomography. J
Comput Assist Tomogr, 8(2):306–16, 1984.
[12] FE Low. Bremsstrahlung of very low-energy quanta
in elementary particle collisions. Physical Review,
110(4):974, 1958.
[13] CT Odhner. The nobel prize in physics 1901, 1901.
[14] Eric F Oliveira, Sı´lvio B Melo, Carlos C Dantas,
Daniel AA Vasconcelos, and F Cadiz. Comparison among
tomographic reconstruction algorithms with a limited
data. In International Nuclear Atlantic Conference-INAC
2011, 2011.
[15] S. Seyyedi, K. Cengiz, M. Kamasak, and I. Yildirim. An
object-oriented simulator for 3d digital breast tomosyn-
thesis system. In 2013 8th International Symposium on
Image and Signal Processing and Analysis (ISPA), pages
262–267, Sept 2013.
[16] Saeed Seyyedi, Kubra Cengiz, Mustafa Kamasak, and
Isa Yildirim. An object-oriented simulator for 3d digital
breast tomosynthesis imaging system. Computational
and mathematical methods in medicine, 2013, 2013.
[17] Anil Sethi. X-rays: Interaction with matter. Encyclopedia
of Medical Devices and Instrumentation, 2006.
[18] Saeed Seyyedi. Sayısal meme tomosentezi
go¨ru¨ntu¨lemenin toplam deg˘is¸inti minimizasyonu
kullanarak sıkıs¸tırılmıs¸ algılama yo¨ntemleri temelli
benzetimi, deg˘erlendirmesi ve c¸alıs¸ması. Master’s thesis,
Fen Bilimleri Enstitu¨su¨, 2014.
[19] S. Seyyedi, E. Liapi, T. Lasser, R. Ivkov, R. Hatwar,
and J. W. Stayman. Low-dose ct perfusion of the liver
using reconstruction of difference. IEEE Transactions
A Review of Tomographic Reconstruction Techniques for Computed Tomography — 5/5
on Radiation and Plasma Medical Sciences, PP(99):1–1,
2018.
[20] CJ Sparks. Resonant anomalous X-ray scattering: theory
and applications. North Holland, 1994.
[21] Saeed Seyyedi, Matthias Wieczorek, Franz Pfeiffer, and
Tobias Lasser. Incorporating a noise reduction technique
into x-ray tensor tomography. IEEE Transactions on
Computational Imaging, 2018.
[22] Saeed Seyyedi, Matthias Wieczorek, Yash Sharma, Flo-
rian Schaff, Christoph Jud, Franz Pfeiffer, and Tobias
Lasser. Component-based tv regularization for x-ray ten-
sor tomography. In Biomedical Imaging (ISBI), 2016
IEEE 13th International Symposium on, pages 581–584.
IEEE, 2016.
[23] S. Seyyedi and I. Yildirim. 3d digital breast tomosynthe-
sis image reconstruction using anisotropic total variation
minimization. In 2014 36th Annual International Confer-
ence of the IEEE Engineering in Medicine and Biology
Society, pages 6052–6055, Aug 2014.
[24] S. Seyyedi, I. Yildirim, and M. Kamasak. Evaluating the
effect of acquisition parameters in digital breast tomosyn-
thesis system with iterative reconstruction methods on
image quality. In 2013 E-Health and Bioengineering
Conference (EHB), pages 1–4, Nov 2013.
[25] A Van Steenbergen. Synchrotron radiation sources.
IEEE Transactions on Nuclear Science, 26(3):3785–3790,
1979.
[26] Yehuda Vardi, LA Shepp, and Linda Kaufman. A statis-
tical model for positron emission tomography. Journal
of the American statistical Association, 80(389):8–20,
1985.
[27] K Wille. Synchrotron radiation sources. Reports on
Progress in Physics, 54(8):1005, 1991.
[28] HERMAN Winick. Synchrotron radiation sources: Past,
present and future. Ro¨ntgen Centennial, X-rays in Natural
and Life Sciences. World Scientific, pages 45–64, 1997.
